T he p53 tumor suppressor is a potent transcription factor that regulates the expression of a diverse array of genes responsible for Dna repair, differentiation, cell cycle arrest, senescence, and apoptosis. 1 in the absence of cellular stress, the p53 protein is maintained at low steady-state levels and exerts very little effect on cell fate. upon cellular stress, posttranslational modifications of p53 cause elevated protein levels and increased transcriptional activity, resulting in cell growth inhibition. the importance of p53 in tumor suppression is supported by the fact that in more than 50% of human cancers, the p53 gene is deleted or mutated. 2 tight regulation of p53 function is critical for normal cell growth and development, and one mechanism by which p53 function is controlled is through interaction with the mDm2 protein. mDm2 is an oncoprotein, discovered by its overexpression in a spontaneously transformed mouse cancer cell line. 3 mDm2 suppresses p53 function either by binding to its transactivation domain and blocking its ability to activate transcription 4 or by enhancing the nuclear export and degradation of p53 via the ubiquitin-proteosome pathway. 5 Blocking interaction between p53 and mDm2 should lead to the accumulation of p53 and lead to cell growth arrest and apoptosis. so inhibitors of the p53-mDm2 interaction are considered attractive new anticancer agents by activating the p53 pathway in tumors expressing wild-type p53. 6 many approaches have been employed to design and identify the small-molecule inhibitors of the mDm2-p53 interaction, including computational three-dimensional (3D) database screening, experimental screening of chemical libraries, and structure-based de novo design. 7-10 for experimental highthroughput screening (hts), in vitro methods such as fluorescence polarization-based binding assay, enzyme-linked immunosorbent assay (eLisa)-based assay, and reverse mammalian protein-protein interaction trap (mappit) assay have been reported. [11] [12] [13] the reverse mappit assay is a welldesigned bait-and-prey system with an inhibitory motif attached to the prey protein, which allows a positive readout upon interference with the designated protein-protein interaction. But the detection is dependent on the signal transduction of cytokine receptor and the JaK pathway. anything that interferes with this signaling pathway would also affect the readout of the assay. in this aspect, a forward two-hybrid system with direct activation of the reporter gene would be more reliable.
the discovery of small molecules termed nutlins represents a breakthrough in the design of the potent small-molecule mDm2 inhibitor. 12 the nutlins are the first examples of potent and specific inhibitors of the p53-mDm2 interaction, and one of them, nutlin-3, can inhibit proliferation of tumor cells expressing wildtype p53. 12, 14 in an osteosarcoma cell line having mDm2 amplification (sJsa-1), nutlin-3 induces apoptosis and has an inhibitory effect in xenografts similar to doxorubicin. another mDm2-p53 interaction inhibitor, mi-219, stimulates rapid but transient p53 activation in established tumor xenograft tissues, resulting in complete tumor growth inhibition. it activates p53 with minimal p53 accumulation in normal tissues and is not toxic to animals. 14 analogs of nutlin-3 and mi-219 have progressed to advanced preclinical development or early-phase clinical studies. 15 trying to identify inhibitors of the p53-mDm2 interaction in a more physiological condition, we developed a cell-based high-throughput assay system based on mammalian two-hybrid technology. a dual-luciferase reporter system was incorporated to rule out the cytotoxic effect of compounds. using this assay, we screened a library consisting of 3840 compounds and eventually identified one compound that activates the p53 pathway and induces growth arrest in tumor cells.
MAterIALS And MetHodS

Cell culture
heK293, u2os, and mDa-mB-435 cells were obtained from american type culture collection (atcc; manassas, Va) and maintained in Dulbecco's modified eagle's medium (Dmem) nutritional medium supplied with 10% fetal bovine serum (fBs), 100 mg/L penicillin, and 100 mg/L streptomycin at 37 °c in a humidified atmosphere of 5% co 2 . for transient transfection, about 1×10 6 cells were mixed with 2 to 4 µg plasmids in 200 µL transfection buffer, and electroporation was carried out with a scientz-2c electroporation apparatus (scientz Biotech, ningbo, china).
Mammalian two-hybrid assays
full-length cDnas encoding human p53 and mDm2 were cloned into the pcmV-aD and pcmV-BD vectors (stratagene, La Jolla, ca) in-frame with aD or BD at the n terminus. the authenticity of the Dna sequences was confirmed by sequencing. for single-luciferase analysis, cells were co-transfected with pcmV-aD-p53 (or -mDm2), pcmV-BD-mDm2 (or -p53), and the pfr-Luc firefly luciferase reporter plasmid at a ratio of 1:1:1. for dual-luciferase analysis, the prL-tK plasmid encoding a renilla luciferase was included as an internal control. after transfection, cells were seeded onto the 96-well plate at a density of 3×10 4 cells per well. sixteen hours after transfection, compounds at various concentrations were added. Dmso at 1% was used as negative control. another 24 h later, luciferase activities were measured using the Dual-Glo Luciferase system (promega, madison, Wi) and enVision (perkinelmer, Waltham, ma) multiplate reader according to the manufacturer's instructions.
Pilot screen of 3840 compounds
the compound library used for the screening was composed of 3840 compounds (provided by chinese national compound resource center, shanghai, china). compounds were screened at a concentration of 20 µm. in each 96-well plate, eight wells were used as positive controls (10 µm nutlin-3 in 1% Dmso) and another set of eight wells as negative controls (1% Dmso). the luciferase activity was normalized to 100% and 0 in the wells treated with Dmso and nutlin-3, respectively. the compounds causing the luciferase activity to reduce to less than 30% were considered "hits" in the primary screening.
Western blot
cells were treated for 48 h with 10 µm nutlin-3 or other compounds. after removal of the culture medium, the cells were lysed with sample buffer (62.5 mm tris-hcl, 2% sodium dodecyl sulfate [sDs], 10% glycerol, 50 mm dithiothreitol, and 0.01% bromophenyl blue, ph 6.8). after immediate scraping, the lysates were sonicated, and aliquots of samples were electrophoresed with 12% sDs-polyacrylamide gel electrophoresis (paGe) gels. then the proteins were transferred onto pVDf membranes (millipore, Billerica, ma). after blocking, the membranes were probed with primary antibodies against mDm2 (smp-14), p21 (sX118), p53 (fL-393), and glyceraldehyde-3-phosphate dehydrogenase (GapDh) at 4 °c overnight. next day, the membranes were incubated with anti-igG antibodies conjugated to horseradish peroxidase (hrp) for 1 h at room temperature. after the final wash, the signal was developed with the ecL plus reagents (Ge healthcare, piscataway, nJ), and images were captured and analyzed with the chemiDoc imaging station (Bio-rad, hercules, ca).
MTT assay
cancer cells with wild-type p53 (u2os) or mutant p53 (mDa-mB-435) were seeded onto the 96-well plate at a density of 4000 cells/well. twenty-four hours later, compounds at various concentrations were added to the cell culture. the culture medium with compounds was changed every other day. five days later, cell growth was measured with an mtt kit according to manufacturer's instruction (Beyotime, haimen, china). the ratio (test/control) of the optical density at 570 nm was described as the cell proliferation value.
Coimmunoprecipitation
u2os cells were lysed in lysis buffer (50 mm tris [ph 7.4], 150 mm nacl, 0.1% chaps, 1 mm eDta containing 1 mm naf, 1 mm na 3 Vo 4 , and protease inhibitors) by sonication for 30 s on ice. crude lysate was centrifuged at 13 000 rpm for 15 min at 4 °c and the supernatant was incubated with anti-mDm2(smp14) antibody for 5 h. then, protein a agarose (sc-2001; santa cruz Biotechnology, santa cruz, ca) was added and coincubated with gentle rocking at 4 °c overnight. the affinity gel was then collected by centrifugation and washed with lysis buffer six times. the protein complex was eluted with sDs sample buffer (62.5 mm tris-hcl [ph 6.8], 3% sDs, 15% glycerol, 2% β-mercaptoethanol) and resolved by sDs-paGe. Western blotting was performed as mentioned above.
Data analysis
Data were analyzed with Graphpad prism software (Graphpad, san Diego, ca). nonlinear regression analyses were performed to generate dose-response curves and calculate ic 50 values. 
reSuLtS And dIScuSSIon
Development of a cell-based assay for the detection of p53-MDM2 interactions
using stratagene's mammalian two-hybrid system, we developed a cell-based assay for the measurement of the p53-mDm2 interaction. as shown in Figure 1a , full-length p53 or mDm2 were inserted at the c-terminus of the Dna binding domain (BD) of GaL4 or the transcriptional activation domain (aD) of nfκB. the interaction of p53 and mDm2 will bring the BD and aD in proximity and activate the downstream firefly luciferase reporter gene. sometimes the fusion of extra domain interferes with the natural-occurring protein-protein interaction, so we tested different combinations of p53 and mDm2 tagged with aD or BD domain. the interaction between pBD-p53 and paD-sV40t was used as a positive control, and the pair of pBD-p53 and paD-traf was used as a negative control. the result indicated that paD-p53 and pBD-mDm2 had strong interaction, whereas there was no interaction between pBD-p53 and paD-mDm2 ( Fig. 1b) . to make sure that all the differences we observed were not due to variation in transfection efficiency or cell numbers, we included prL-tK ( Fig. 2c) , a plasmid encoding a renilla luciferase under the control of the herpes simplex virus thymidine kinase promoter, as an internal control. the firefly luciferase activity was normalized to the renilla luciferase activity (Fig. 2d) , and the pair of paD-p53 and pBD-mDm2 still displayed the best interaction. so we decided to further validate the assay using the combination of paD-p53 and pBD-mDm2 plasmids. 
Validation of the mammalian two-hybrid assay with known compounds
nutlin-3, rita, and caylin-1 (a nutlin-3 analog) are small molecules that have been reported to inhibit the interaction between p53 and mDm2, 12, 16 so we tested these compounds in our system. nutlin-3 and caylin-1 showed dose-dependent inhibition of firefly luciferase activity but had no effect on renilla luciferase activity. after normalization, the ic 50 values of nutlin-3 and caylin-1 were approximately 0.64 µm and 1.48 µm (Fig. 2a,b) , respectively, corresponding well with previous reports. 12 however, rita not only blocked the firefly luciferase expression ( Fig. 2c) but also significantly inhibited the expression of renilla luciferase (Fig. 2d) . this indicates that the reduction of firefly luciferase expression by rita is not due to the blockade of the p53 and mDm2 interaction but more likely is caused by a nonspecific cytotoxic effect of this compound. this agrees with a previous study that indicated that rita does not block the formation of the complex between p53 and mDm2 in vitro. 17 these results demonstrate the value of the prL-tK plasmid as an internal control reporter in the mammalian two-hybrid system to rule out certain false-positive compounds with cytotoxicity.
A pilot screen of 3840 compounds with the mammalian two-hybrid system
to identify compounds that inhibit interactions of p53-mDm2, we performed a small-scale screen of a library consisting of 3840 compounds with the two-hybrid system. to speed up the process, the initial screen was carried out with the single firefly luciferase reporter. Dmso (1%) was used as a negative control, and nutlin-3 (10 µm) was included as the positive control. compounds were tested in duplicates at a concentration of 20 µm (Fig. 3a) . the Z′ value is used to assess the robustness of an assay for screening and is the normalized 3 sD window between the negative and positive controls. the Z′ value for the assay was 0.57, and the signal-to-background ratio was 3.85, indicating that the system was adequately optimized for hts ( Fig. 3b) . the compounds that reduced the firefly luciferase activity to less than 30% were picked and further validated with a dual-luciferase assay in quadruplicates (Fig. 3c) . finally, six compounds displaying consistent inhibitory effects were further tested to generate dose-response curves. the ic 50 values of these compounds ranged from 1.18 to 6.82 µm ( Fig. 3d-i) .
Activation of the p53 pathway by compounds that block p53-MDM2 interaction
mDm2 is an e3 ubiquitin ligase known for its prominent role in regulating p53 degradation. 4 the p53 pathway is believed to be activated after the inhibition of the p53-mDm2 interaction in cells with wild-type p53, 1,18 so we examined the effect of the p53-mDm2 interaction inhibitors identified with the two-hybrid system on the cellular levels of p53. u2os cells with wild-type p53 were incubated with various compounds for 48 h. as shown in Figure 4a , nutlin-3, caylin-1, and three hit compounds (sL-01, 02, and 03) led to a significant increase of the p53 protein level. We also found that in u2os cells, sL-01 and sL-02 caused the accumulation of p53 in a dose-dependent manner. they were also able to stimulate the expression of p21, a major transcription target of activated p53 19 (Fig. 4b ). the expression of mDm2 is also regulated by p53. 1, 12 nutlin-3 induced a significant upregulation of mDm2, but our compounds only displayed a very weak FIg. 4 . activation of the p53 pathway by compounds that block p53-mDm2 interaction. six compounds that displayed dose-dependent inhibition of the p53-mDm2 interaction were picked and analyzed in a Western blot analysis. (a) u2os cells were treated for 48 h with different compounds at 20 µm concentration, and p53 levels were analyzed by Western blotting with whole-cell lysates. u2os cells (b) or mDa-mB-435 cells (c) were treated with compounds at different concentration for 48h, and the level of p53, mDm2, and p21 was analyzed. GapDh, glyceraldehyde-3-phosphate dehydrogenase. effect on mDm2 expression ( Fig. 4b ). in the p53 mutant cell line mDa-mB-435, sL-01, and sL-02 did not cause any change in p53, p21, and mDm2 protein levels, which is similar to the known p53-mDm2 interaction inhibitor nutlin-3 ( Fig. 4c ).
We also used coimmunoprecipitation assay to test the direct inhibition of the p53-mDm2 interaction by sL-01 ( Fig. 5a) . Because the inhibition of the p53-mDm2 interaction with compounds causes accumulation of p53 and mDm2 in cells 12 (Fig. 5a) , we limited the amount of anti-mDm2 antibody used for the immunoprecipitation, so the antibody was saturated with mDm2 binding and the amount of mDm2 precipitated was controlled at the same level, even though the total mDm2 levels in the lysates were different. similar as previously reported, nutlin-3 treatment caused significantly less p53 to coimmunoprecipitate with mDm2. our compound sL-01 displayed a very similar effect in inhibiting the p53-mDm2 interaction (Fig. 5a ). the structure of sL-01 is shown in Figure 5b . sL-01, a Z-L-phe chloromethyl ketone, has been reported to be a bovine chymotrypsin a-γ inhibitor. 20 its inhibitory effect on the p53-mDm2 interaction has never been reported.
activation of the p53 pathway causes cell cycle arrest, which leads to cell growth inhibition and/or programmed cell death. 12, 14 in agreement with previous reports, 12 nutlin-3 potently inhibited cell growth on u2os (wild-type p53) cells but had no effect on mDa-mB-435 (mutant p53) ( Fig. 6a) . sL-01 also induced a significantly different growth inhibition profile on cancer cell lines according to their p53 status (Fig. 6b) . taken together, these data suggest that the compounds identified by the twohybrid system indeed block the interaction between mDm2 and p53, which leads to the activation of the p53 pathway and induces cell growth arrest in tumor cells with wild-type p53.
We hereby present a two-hybrid assay for hts of inhibitors of the p53-mDm2 interaction in mammalian cells. With this assay, we screened a library consisting of 3840 compounds and identified six potential inhibitors of the p53-mDm2 interaction. further analysis revealed that three of these compounds could induce the accumulation of p53 and activated p53-mediated transcription. With a cell growth inhibition assay, we confirmed that sL-01 is a true functional inhibitor of the p53-mDm2 interaction and induced growth arrest in tumor cell lines with wild-type p53. this compound is an ideal starting point for structural modification and warrants further investigation. thus, the mammalian two-hybrid technology appears to be an efficient cell-based screening strategy for identifying smallmolecule inhibitors of the p53-mDm2 interaction. compared with previous approaches employed in the design and discovery of p53-mDm2 interaction inhibitors, 7-11 this assay was performed in a more physiological environment and provided a more efficient way to discover p53-mDm2 inhibitors, although developing a stable cell line is highly desirable to further improve assay stability and throughput. in addition, this assay can also serve as a general strategy for the discovery of proteinprotein interaction inhibitors.
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